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A B ST R A C T : Coupling of d im e th y lh ex ad ecy l( l l -h y d ro x y u n d ecy l)am m o n iu m  brom ide with the  N-form yl 
derivatives of L-alanine and  L-valine and  dehydra t ion  of the  reaction p roducts  with phosphorus  oxychloride 
and base yield the double-chain quaternary  ammonium surfactants 1 and 2 , respectively. Via a similar sequence 
of reactions, s ta r t ing  from (TV-formylamino)caproic acid and dimethyleicosyl- and  d im e th y ld o co sy l( l l -  
hydroxyundecy l)am m onium  brom ide, the  su r fac tan ts  3 and  4 are obta ined . A m phiphiles  1-4 conta in  po­
lymerizable isocyano functions located a t  d if fe ren t  positions along the  hydrocarbon  chains. On dispersing 
in water these compounds form vesicles. Freeze-fracture electron microscopy and osmotic experiments indicate 
th a t  the  s tructures  of the aggregates are closed. According to differential scanning calorimetry m easurem ents  
the vesicles undergo a phase transition in the  tem pera tu re  range of -3  to - 2 2  °C. Addition of nickel capronate  
to the vesicle dispersions results in polymerization of the isocyano functions in the bilayers. This  polymerization 
proceeds more effectively for the isocyano functions a t  the  end of the hydrocarbon chains than  for the isocyano 
functions located in the  m iddle  section. T h e  molecular weights vary between ~ 8 0 0 0  and  45000. E lec tron  
micrographs indicate th a t  in vesicles of 3 and 4 the polymerization process is restricted to each of the monolayers.
In 1 and  2  th is  process also includes the  bilayer. Osmotic exper im en ts  and  electron m icrographs indicate  
th a t  on polymerization the structure of the vesicles is retained, bu t  the phase transitions disappear. Fluorescence 
exper im en ts  with the  probes 8 -an i l ino - l -naph tha lenesu lfona te  and  N -p h e n y l - l -n a p h th y la m in e  reveal t h a t  
the  bilayers of the polymerized vesicles are less polar th an  those of the  unpolymerized ones. T h is  is the  case 
for bo th  the  head-group region and  the  core of the  bilayer matrix . F rom  fluorescence isotope exper im ents  
in w ater  and  in D 20  we infer t h a t  in the  polymerized vesicles the  lower polari ty  of the  head-group  region is 
due to the extrusion of water molecules. The  lower polarity of the core is probably correlated to the disappearance 
of the  isocyano functions. F luorescence exper im en ts  with  the  viscosity probe pyrene and  fluorescence 
depolarization exper im ents  with the  probe l ,6 -d iphenyl- l ,3 ,5-hexatr iene  suggest t h a t  on polymerization the  
bilayers of the  vesicles become more viscous. On going from 1 to 4 the  difference in fluorescence aniso tropy 
values between polymerized and  unpolymerized vesicles becomes smaller. T h is  t ren d  in declining difference 
of an iso tropy  values parallels the  t ren d  of decreasing molecular weight in polymerized 1-4. For  comparison 
fluorescence d a ta  are also included of exper im en ts  with vesicle system s p repa red  from dihexadecyldi-  
m e th y la m m o n iu m  brom ide ,  d io c ta d e c y ld im e th y la m m o n iu m  brom ide ,  egg yolk lecith in ,  d ipa lm itoy l-  
phosphatidy lcholine ,  and  a polymerizable m ethacry la te  am phiphile .
Introduction
Phospholipids and double-chain synthetic surfactants 
form closed bilayer structures in water, known as liposomes 
and surfactant vesicles, respectively.1 Because of their 
structural similarity to biological membranes, these ag­
gregates are now widely being used in membrane mimetic 
studies.2 In addition, these systems are of current interest 
as they could be applicable as devices for photochemical 
energy conversion,3 slow release of drugs,4 and as micro- 
reactors.5 A drawback of liposomes and surfactant vesicles, 
however, is their limited stability, which obstructs their 
use in practical applications. In order to overcome this 
problem, several research groups have recently prepared 
polymerized vesicles from amphiphiles th a t  contain di­
acetylene, butadiene, methacrylate, styrene, vinyl, thiol, 
amino acid, and isocyano groups.6 A prerequisite for the 
exploitation of these systems is a good characterization of
the structure of the polymerized aggregates. Detailed 
information can be obtained by applying the fluorescent 
probe technique. This technique has already been proved 
useful in studies of the structure and function of biological 
membranes in vivo.7 Compared to other methods, such 
as EPR  and NMR, the advantages are high sensitivity, low 
degree of membrane perturbation, and primary response 
to the environment.7,8 The fluorescent probe technique 
has also been applied for the characterization of liposomes, 
enzymes, micellar systems,8 and, more recently, synthetic 
surfactant vesicles.9 Only a few reports deal with polym­
erized vesicle systems. Nome et al. studied the influence 
of vesicle polymerization on the fluorescence of pyranine.10 
They found tha t polymerization induces the formation of 
clefts on the vesicle surface.
In this paper, we describe the synthesis and character­
ization by fluorescence methods of unpolymerized and
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polymerized vesicles derived from the isocyano amphi- 
philes 1-4 (Chart I). In these amphiphiles the polymer­
izable isocyano group is located at different positions along 
the hydrocarbon chain. The fluorescence data  are com­
pared with data  from electron microscopy, differential 
scanning calorimetry, and osmotic experiments. Mea­
surements on vesicle systems prepared from dihexa- 
decyldimethylammonium bromide (DHDAB) (5), diocta- 
decyldimethylammonium bromide (DODAB) (6), a po­
lymerizable methacrylate amphiphile (7), first prepared 
by Regen,6d egg yolk lecithin (8), and dipalmitoyl- 
phosphatidylcholine (9) are also included. We report here 
on the changes in fluorescence th a t  occur upon polymer­
ization of the vesicle bilayers. These changes are discussed 
in terms of micropolarity and microviscosity.
Results
Synthesis of Isocyano Amphiphiles. Amphiphiles 
1-4 were synthesized according to the general route out­
lined in Scheme I. 11-Bromoundecanol was reacted with 
the appropria te  alkyldimethylamine to give the (11- 
hydroxyundecyl)ammonium bromides 10. The latter 
bromides were couDled to N-formvlated a-amino acids bv
Table I
Phase Transition Temperatures of Polymerized and 
Unpolymerized Vesicles and Molecular Weight Data of
compd 0 Tc/°C M / ( d L / g ) b M vc DP
lu -22 to -7
lp d 0 . 2 46000 75
2u -26 to -16
2p d 0 . 1 31000 50
3u -9  to -3
3P d 0.09 29000 40
4u -20 to -13
4p d < 0 . 0 1 <8000 < 1 1
a u = unpolymerized vesicles, p = polymerized vesicles. Mn 
chloroform, 30.00 °C; estimated error ±0.03. c Calculated by using 
the Mark-Houwink equation [77] = 1.4 X 10"9 X Afw175; see ref 14b. 
dNo phase transition observed.
means of the active ester method.11 The resulting form- 
amides were dehydra ted12 with phosphorus oxychloride 
and base to give isocyanides 1-4. The amphiphiles showed 
characteristic isocyanide vibrations in the IR spectrum at 
approximately 2140 cm-1. They were further characterized 
by lH NMR, MS, and elemental analysis.
Vesicle Formation. When amphiphiles 1-4 were dis­
persed in water, slightly opalescent solutions were ob­
tained. Electron micrographs of these solutions, taken by 
the freeze-fracture technique, revealed the presence of 
spherical and ellipsoidal aggregates. The phase transition 
temperatures of these aggregates were determined by 
differential scanning calorimetry (DSC). The data are 
given in Table I. In order to establish the presence of 
closed structures, vesicle dispersions were prepared con­
taining 0.1 M sucrose in their inner aqueous compartments. 
These dispersions were added to solutions of 0.01-0.4 M 
sucrose, and the absorbances at 450 nm (i4450) of the re­
sulting mixtures were determined. The results are pres­
ented in Figure 1. For all isocyano amphiphiles, a linear 
relationship is found between 1/A 450, which measures the 
vesicles’ volume, and the reciprocal of the sucrose con­
centration. This indicates th a t  the vesicle dispersions 
behave as almost ideal osmometers13 and obey the van’t 
Hoff law.
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Table II
Fluorescence Data of ANS, NPN, Pyrene, and DPH Incorporated in Vesicles of 1-9°
ANS NPN
impd6 \ ¥c'd sied,e XveJt sie<’’/l
•
slope value1 rfj
l u 488 1.7 0.05 433 1 . 2 14 0.06
lp 467 1 . 1 0.08 424 1 . 1 6 0.17
2u 479 1 . 6 0.06 428 1 . 2 24 0.07
2p 478 1 . 6 0.09 428 1 . 1 24 0.14
3u 476 1.4 0 . 1 0 422 1 . 2 2 1 0.08
3p 475 1.4 0 . 1 2 422 1 . 1 2 1 0.13
4u 476 1.3 0 . 1 0 422 1 . 2 16 0 . 1 0
4p 476 1.3 0 . 1 2 422 1 . 1 16 0 . 1 0
5 468 1 . 2 0 . 1 0 418 1 . 0 15 0 . 2 2
6 469 1 . 2 0 . 1 1 418 1 . 0 35 0.27
7u 479 1.4 0.06 422 1 . 2 18 0.09
7p 469 1 . 2 0 . 1 2 417 1 . 1 3 0.24
8 484 1 . 6 425 1 . 1
9 478 1.4 424 1 . 1
0 Temperature 2 1  °C. *u = unpolymerized vesicles, p = polymerized vesicles. c Wavelength of maximum fluorescence intensity; estimated 
error 1 nm. d Excitation is at 375 nm. e Solvent isotope effect; estimated error 0 .1 . 1 Fluorescence anisotropy value; estimated error 0 .0 1 . 
* Excitation is at 375 nm; emission is measured at 473 nm. h Excitation is at 343 nm. ‘Slope of plot of I e/ I m vs- mole fraction of pyrene; 
estimated error 0.5. ; Excitation is at 355 nm; emission is measured at 430 nm.
(1 / [sucrose])  / M
Figure 1. Relationship between the reciprocal of the absorbance 
a t  450 nm of unpolym erized  (u) and  polymerized (p) vesicle 
d ispersions and  the  reciprocal of the  concen tra t ion  of sucrose 
solutions in which the  vesicles are osmotically t rea ted  unti l  
equilibrium: lu (0); lp  (♦); 2u (A);  2p (a ); 3u (O); 3p ( • ) ;  4u 
(□); 4p (■).
Vesicle Polymerization. Polymerization of the iso- 
cyano functions in the vesicle bilayers of 1-4 was achieved 
by adding nickel capronate . 6 j’14
-f — 
nR —N = C [R—N = C < ]„
In all cases polymerization was complete after 1 2  h. In the 
infrared spectrum of freeze-dried polymerized samples, the 
isocyanide stretching vibration at 2140 cm -1 had disap­
peared and a new band was visible at 1630 cm-1, which we 
a ttr ibu te  to polymer N = C  bonds. From the absence of 
a formyl stretching vibration a t  1675 cm -1 we concluded 
tha t  no significant hydrolysis of the isocyano functions in 
the vesicles had taken place. The polymerized vesicles 
were further characterized by electron microscopy (Figure 
2 ), DSC (Table I, Figure 3), and sucrose experiments 
(Figure 1 ). In addition the intrinsic viscosities, [77], of the 
freeze-dried polymerized samples were determined (Table
I).
Fluorescence Measurements. ANS and NPN. The
fluorescent probes 8 -anilino-l-naphthalenesulfonate (ANS) 
and N -phenyl-l-naphthylam ine (NPN) were added to 
already-formed polymerized and unpolymerized vesicles 
from amphiphiles 1-9. Subsequently, a fluorescence 
spectrum was recorded. In all measurements the molar 
ratio of amphiphile to probe was 250:1. The results are 
given in Table II. For comparison, fluorescence spectra 
of ANS and N P N  were also measured in various diox- 
ane-water mixtures. In Table III the fluorescence maxima
Table III
Fluorescence Maxima of ANS and N PN  Dissolved in
Dioxane-Water Mixtures0
% dioxane 
(v/v) in 
water
Xrc
E t (30) value6 ANSd NPN'
0 63.1 528 474
1 0 61.1 523 462
2 0 58.7 514 452
30 57.1 506 447
40 55.5 500 441
50 53.9 497 438
60 52.3 493 434
70 50.7 490 428
80 49.1 487 425
90 46.8 484 422
1 0 0 36.1 478 413
0 Temperature  2 1  °C. b Values are taken from ref 15 or derived 
from values therein by linear interpolation. c Wavelength of maxi­
mum fluorescence intensity. d Excitation is a t  375 nm. * Excitation 
is at 343 nm.
are given together with the solvent polarities of the diox- 
ane-water mixtures as expressed by the E T(30) param e­
te r . 15
The fluorescence spectra of ANS and N PN  change when 
D20  is substitu ted for water . 7a ,f’16 The fluorescence in­
tensities increase whereas the positions of the fluorescence 
maxima remain unaffected. The ratio of the intensity in 
D20  and in water is called the solvent isotope effect (sie). 
It is a relative measure for the am ount of water present 
in the probe’s microenvironment. On exposing ANS and 
N P N  to 100% water, we measured sie values of 2.5 and 
2 .0 , respectively, which is in agreement with literature 
d a ta . 7a ,f’16 The values obtained when the probes are in­
corporated in the various polymerized and unpolymerized 
vesicle systems are presented in Table II.
Pyrene. The fluorescence spectrum of pyrene shows, 
a t  low concentrations, a so-called monomer band with a 
vibrational fíne structure in the wavelength range 370-420 
nm. When the concentration is increased, a second band, 
without fine structure, called the excimer band, appears 
at 475 nm. The intensity ratio of the excimer band to the 
monomer band, /e/^m» can be correlated to the fluidity of 
the system . 17 For pyrene incorporated in vesicles of 1-7 
this ratio was measured at probe concentrations of (0 .1 - 1 .0 ) 
X  10-4  M and at an amphiphile concentration o f  5 X  10" 3 
M. The results of these experiments are given in Figure 
4 and in Table II.
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Figure  3. Differential scanning calorimetry  heating curves of 
unpolym erized (u) and  polymerized (p) vesicles of 2 .
mole f ra c t io n  o f  p y re n e
Figure  4. Plo t  of Ze/^m vs* the  mole fraction of pyrene in un 
polymerized (u) and  polymerized (p) vesicles of 1 .
Figure 2. Freeze-fracture electron micrographs of polymerized 
vesicles derived from 1 (A, magnification x  100000), 2 (B, X20000), 
3 (C, X40000), and  4 (D, X40000).
DPH. Fluorescence depolarization experiments18 were 
carried out on vesicles of 1-7 labeled with the probe 1,6- 
diphenyl-l,3,5-hexatriene (DPH). In Table II the an­
isotropy values of D PH  fluorescence are given. Results 
of similar experiments on vesicles labeled with ANS are 
also presented in this table.
Discussion
Structure of the Bilayers. Polymers of isocyanides 
have a rigid, helical configuration with four repeating units 
per helical tu rn .14 The polymer side chains point away 
from the central axis as shown in Figure 5C. On polym­
erization, the surfactant chains of amphiphiles 1-4 will 
cross-link in a direction parallel to the vesicle surface. 
Polymer links may be formed either in one-half of the 
bilayer (Figure 5B) or between the bilayer halves (Figure 
5A). A schematic representation of the networks formed
in this way is given in Figure 5D. The average length of 
the polymer chains can be roughly estimated from the 
molecular weight data in Table I.19 For amphiphiles 1-4 
these lengths amount to 76, 49, 40, and <11 A, respectively. 
Apparently, polymerization proceeds less facilely going 
from 1 to 4. Increasing steric hindrance from the bulky 
side groups is probably the reason for this behavior.
In a previous paper^ we reported tha t  freeze-fracture 
electron microscopy may give information on the polym­
erization process in the vesicles, in particular whether 
linking of the surfactant chains occurs across the bilayer 
or within each of the monolayers. We discussed the dif­
ferences in electron microscopic patterns of polymerized 
and unpolymerized vesicles of 1. The unpolymerized ag­
gregates appear as concave and convex half-spheres and 
half-ellipsoids, whereas the polymerized vesicles are visible 
as circles and ellipses (Figure 2A). We explained this 
phenomenon by a different fracturing behavior of the two 
types of vesicles. In the unpolymerized system the fracture 
plane runs through the middle of the bilayer (Figure 6A).20 
In the polymerized one, the particles are cross-fractured 
(Figure 6B). The reason for this is tha t  in compound 1 
the polymerizable group is at the end of the surfactant 
chain, making cross-linkage of the monolayers as well as 
the bilayer possible. The special 41-helical structure of the 
polymeric backbone with its side chains pointing toward
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B
structure of cross links 
C5 under C1 etc 'o r-N ' 'NI
D
Figure 5. Trans-bilayer (A) and monolayer (B) cross-linking in 
vesicles of isocyano am phiphiles .  S t ru c tu re  of cross-links th a t  
are formed during  polymerization of isocyanide functions (C). 
Schematic  representation of the  networks obtained after polym­
erization (D); the polymeric rods are oriented parallel to the vesicle 
surface.
Figure 6 . Fracturing behavior of unpolymerized and polymerized 
vesicles during the  freeze-fracturing process. T he  fracture plane 
runs through the middle of the bilayer (A) or traverses the vesicle
(B).
both monolayers facilitates this cross-linking process. This 
efficient cross-linking prevents the bilayer from splitting.
Electron micrographs of unpolymerized vesicle disper­
sions of 2-4 (not shown) and also of polymerized vesicles 
of 3 and 4 (Figure 2C,D) displayed patterns similar to that 
of unpolymerized 1. Polymerized vesicles of 2 are por­
trayed as half-spheres and as ellipse-like structures (Figure 
2B). We explain these features in the following way. On 
going from 1 to 4 the distance between the polymerizable 
group and the end of the fatty chain increases. As a result, 
cross-linking of the bilayer halves will gradually become 
more difficult and polymerization will occur preferentially 
within each of the monolayers. The position of the iso­
cyano group in amphiphile 2 apparently still allows some 
transbilayer cross-linking and thus cross-fracturing of the 
vesicles to occur, especially in large vesicles. On going from 
1-4 the degree of polymerization of the surfactant chains 
becomes lower (Table I). This could also explain why 
cross-fracturing is less likely to occur in compounds 2-4 
than  in compound 1.
The osmotic experiments (Figure 1) indicate th a t  the 
vesicles formed from amphiphiles 1-4 are closed aggre­
gates. They are able to entrap molecules and do not leak. 
Polymerization does not affect this behavior.
DSC measurements show th a t  the unpolymerized ves­
icles of 1-4 have phase transitions at temperatures below 
0 °C (Table I).22 Therefore, a t room temperature, the 
vesicle bilayers are in the fluid state. Compared to DO- 
DAB (Tc = 51 °C23) and DHDAB (Tc = 44 °C23) the phase 
transition temperatures of 1-4 have lowered considerably. 
This lowering may be caused by the bulkiness of the fatty 
chains and the relatively high polarity of the polymerizable 
end-group functions. These factors both tend to perturb 
the ordening of the hydrocarbon chains.24 The polymer­
ized vesicles do not show phase transitions anymore. A 
similar observation was made by Wagner et al.25 on po­
lymerized vesicles of a diacetylene amphiphile.
Polarity of the Bilayers. ANS and N P N  are probes 
both of polarity and viscosity. It has been suggested tha t  
the emission wavelength of the probe is a measure of the 
polarity of the medium, if the solvent relaxation of the 
excited state is completed within the fluorescence life­
time.7c’8,26 Whether this is the case of our unpolymerized 
vesicle systems was tested by exciting 20 nm above the 
excitation maximum. We found th a t  for all systems the 
emission maxima of ANS and N PN  remained at the same 
place, suggesting th a t  solvent relaxation is always com­
plete.27 Evidence exists in the literature28 th a t  the nega­
tively charged probe ANS binds just below the vesicle 
surface with its sulfonic acid group directed toward the 
aqueous phase. Unlike ANS, the neutral probe N P N  is 
only sparingly soluble in water. Therefore, this compound 
is assumed to be located in the hydrophobic core of the 
membrane.28 The fluorescence measurements in the series 
of dioxane-water mixtures (Table III) show th a t  the 
emission maxima of ANS and N P N  shift to longer wave­
lengths with increasing polarity of the medium. In Figure 
7 the fluorescence wavelengths of ANS and N P N  in the 
various vesicle systems are compared. From the location 
of the emission maxima it appears th a t  both ANS and 
N PN  are located in a relatively apolar (more dioxane-like) 
environment.29 There are, however, differences between 
the various systems. When ANS and N P N  are bound to 
DHDAB or DODAB vesicles, their fluorescence maxima 
are at somewhat shorter wavelengths than when they are 
bound to unpolymerized vesicles of 1-4 and 7. Apparently, 
the bilayers of the former vesicles have a lower polarity 
than those of the latter ones. One reason may be the 
presence of the polar functions (isocyanide and ester 
functions) in 1-4 and 7. Another reason could be tha t  at 
the temperature of the measurements, 5 and 6 are in the 
solid state, whereas 1-4 and 7 are in the fluid state. The 
latter state could allow for a higher degree of water pen­
etration (vide infra).
The extent of water penetration in the vesicle bilayers 
can be deduced from the fluorescence experiments in D20  
and in water. As mentioned in the Results, the fluores­
cence intensity of ANS and N P N  is higher in D20  than 
in water by a factor of 2.5 and 2.0, respectively. This 
difference in intensity is due to the fact th a t  water 
quenches the fluorescence of the probe more effectively 
than  D20  does. The mechanism of this quenching is not 
fully understood yet.30 In Figure 8 the solvent isotope 
effects, / (D 20 ) / / ( H 20), for ANS and N PN  in the various 
polymerized and unpolymerized vesicle systems are plotted 
vs. the corresponding fluorescence wavelengths. For ANS 
a straight line is obtained with a slope significantly dif­
ferent from zero. This suggests that the observed polarity
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Figure 7. Fluorescence da ta  of ANS (A) and N P N  (B) in various 
solvents and  vesicle systems, a = dioxane, b = 1 : 1  (v /v) diox- 
ane-w ate r ,  c = ethanol,  and  d = water. For num bering  of com­
pounds see C h ar t  I; u = unpolymerized vesicles and p = polym­
erized vesicles.
differences near the surface of the bilayer are mainly due 
to differences in water penetration. For N PN  the solvent 
isotope effect does not vary with the fluorescence wave­
length. Apparently, water penetration in the inner parts 
of the vesicle bilayers is relatively low. We may conclude 
that the observed polarity differences in this region mainly 
result from differences in structure of the hydrophobic 
tails, in particular the presence or absence of polar groups.
Polymerization of vesicles of 1 causes the fluorescence 
maximum of ANS to shift to shorter wavelengths (Figure 
7). We ascribe this phenomenon to a lower degree of water 
penetration in the bilayer due to a closer packing of the 
fatty chains in the polymerized aggregates. The solvent 
isotope effect (Table II) supports this hypothesis. For 
NPN the blue shift observed after polymerization is 
probably not related to a change in water penetration, but 
is more likely to be caused by the disappearance of the 
isocyano functions. For ANS and N P N  incorporated in 
polymerized and unpolymerized vesicles of 7 a fluorescence 
behavior is observed similar to tha t  of I. The observed 
shifts and differences in solvent isotope effect, however, 
are smaller, reflecting the difference in chemical structure 
of the two types of polymerized and unpolymerized vesi­
cles.
The fluorescence maximum of ANS in vesicles of 2-4 
does not change on polymerization of the aggregates. We 
can partly explain this phenomenon by the lower degree 
of polymerization of the isocyano functions in these ves­
icles. Another reason could be tha t  since the cross-links 
are in the middle part of the chains instead of at the end,
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Figure 8 . P lots  of solvent isotope effect vs. fluorescence wave­
length for ANS (A) and N P N  (B) in the  various vesicle systems; 
da ta  are taken  from T ables  II and  IV.
the amphiphilic molecules are less closely packed. This 
could allow for a substantial penetration of water. On 
polymerization of 2-4 the fluorescence maximum of NPN 
does not change either. Apparently, this probe is not 
located in the vicinity of the polymerizable functions, as 
it was in vesicles of 1.
Figure 7 shows tha t  the fluorescence maxima of ANS 
in egg yolk lecithin (8) and in DPPC (9) lie at different 
wavelength positions. In these vesicle systems, approxi­
mately the same values are obtained for the maxima of 
NPN. At the measurement temperature (25 °C) egg yolk 
lecithin is in the fluid state, whereas DPPC is in the solid 
state. This difference in state has no influence on N PN 
fluorescence, but does have one on ANS, as it allows for 
a higher degree of water penetration in the surface region.
Viscosity of the Bilayers. Fluorescence depolarization 
is a useful technique for evaluating the fluidity of bilayer 
membranes.18 DPH is often used as a probe in these ex­
periments. This compound is believed to be located in the 
inner part  of the bilayer m atrix .18 In Figure 9 the 
fluorescence anisotropy data of Table II are represented 
graphically. The anisotropy values of DPH fluorescence 
are considerably higher in DHDAB (5) and DODAB (6) 
than in the other unpolymerized vesicle systems. The 
reason for this is tha t  at the measurement temperature 
both DHDAB and DODAB are in the solid state, which 
limits molecular motion. Unpolymerized vesicles of 1-4 
are all in the fluid state. This results in lower anisotropy 
values (Figure 9). On polymerization of vesicles of 1, the 
anisotropy of DPH fluorescence increases significantly, 
indicating tha t  molecular motion is restricted in the po­
lymerized state. Figure 9A shows tha t  for 1-4 the dif-
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Figure 9. Fluorescence anisotropy values of D P H  (A) and ANS 
(B) in polymerized and unpolymerized vesicles. For num bering 
of com pounds  see C h a r t  I; u = unpolym erized vesicles and p = 
polymerized vesicles.
ference in anisotropy between the polymerized and un­
polymerized vesicles gradually becomes smaller. This 
trend can be correlated to the trend in polymerized 1-4 
of decreasing molecular weight. For compounds 1-6 the 
fluorescence anisotropy values of ANS are all in the same 
range and vary only slightly on going from the u n ­
polymerized to the polymerized state (Figure 9B). One 
reason for this slight variation is tha t  in depolarization 
experiments ANS is a less sensitive probe than DPH. 
Another reason could be that the molecular motion of the 
surfactant chains in the head-group region is not influenced 
by the structure of the amphiphiles. Compound 7 seems 
to be in discord with the other compounds, as it shows a 
larger change in anisotropy on going from the un ­
polymerized to the polymerized state.
Pyrene is another probe frequently used to measure 
membrane fluidity.17 It shows two emission maxima, one 
originating from single excited pyrene molecules (P*) and 
a second one originating from complexes between an ex­
cited molecule P* and a ground-state molecule P, so-called 
excimers (PP*). The extent of excimer formation is de­
pendent on the degree of lateral diffusion in the mem­
brane.17 When the intensity ratio of the excimer peak and 
the monomer peak, I Fj/ I M, is measured as a function of 
pyrene concentration, a straight line is obtained. The slope 
of this line is related to the viscosity of the system. This 
viscosity can be calculated provided that the concentration 
of the probe in the bilayer is known. For our vesicle 
systems, this concentration is difficult to calculate, as the 
volume of the bilayer cannot be determined accurately.
In Figure 4 the IE/ I M values for unpolymerized and 
polymerized vesicles of 1 are plotted vs. the mole fraction 
of pyrene, X pyr = (moles of pyrene)/(moles of pyrene + 
moles of amphiphile). It is evident from this figure tha t  
polymerization of the bilayers of 1 leads to less excimer 
formation. This can be ascribed to a decrease in mem­
brane viscosity on polymerization. No significant changes 
occur when vesicles of 2-4 are polymerized (Table II). 
Apparently, the changes in viscosity are too low to be 
detected by pyrene. Vesicles of amphiphile 7 behave
similarly to those of amphiphile 1. On polymerizing, also 
a decrease in excimer formation is observed.
The slope of the IFJ I M vs. mole fraction plot is consid­
erably higher for DODAB (6) than for the other am phi­
philes. As the bilayers of DODAB are more densely packed 
at the measurement temperature, this could promote the 
formation of clusters of pyrene molecules.170 This expla­
nation is supported by the fact tha t  DODAB shows an 
abrupt decrease in the ¡e/ ^ m ratio at the phase transition 
tem perature .31,32 A similar decrease was observed for 
DPPC vesicles.1,0,33
Experimental Section
Infrared, UV-vis, and fluorescence spectra  were recorded on 
P erk in -E lm er  283, 555, and  650-40 spectrom eters ,  respectively. 
Fluorescence depolarization experim ents  were carried out on an 
a p p a ra tu s  built by the  group of Prof. Y. K. Levine .34 !H N M R  
spec tra  were ob ta ined  on Varian EM  390 and  B ruker  W P  200 
instrum ents .  Chemical shifts are given downfield from internal 
tetramethylsilane. Abbreviations used are s = singlet, d = doublet, 
t  = tr iplet,  m = multip le t ,  and  b = broad. E lectron microscopy 
was carried out with a Philips EM  301 instrument. Samples were 
frozen in a slush of liquid and  solid nitrogen, f rac tu red  with a 
Denton freeze etch apparatus, and replicated with P d /C  according 
to s ta n d a rd  p rocedures .35 Glycerol was added  up to 25% to 
p reven t  feeze damage. Mass spec tra  were recorded on an AEI 
MS-902 mass spectrom eter .  E lem enta l  analyses were done by 
the  E lem enta l  Analytical Section of the  In s t i tu te  for Applied 
C hem is try  T N O , U trech t.  Differential scanning calorim etry  
measurements were carried out on a Setaram DSC 1 1 1  instrument. 
Solution viscosity da ta  were obtained on freeze-dried polymerized 
vesicle samples, using a C annon-U bbelohde  viscometer in chlo­
roform a t  30.00 °C. Viscosity-average molecular weights were 
calculated by using the  M ark -H o u w in k  equat ion  [77] = 1.4 X 
1 0 _9M w1/75.14b Since aggregation of the  polymer chains can occur 
as a result of charge clustering, the calculated molecular weights 
(Table  I) m us t  be regarded as an e s t im a t io n .39
Unless otherwise s ta ted  all chemicals and reagents were com­
mercial p roduc ts  and  were used w ithou t  fu r th e r  purification. 
Water used for the preparation of the vesicles was doubly distilled 
in an all-quartz apparatus.  8 -Anilino-l-naphthalenesulfonic acid 
am m onium  salt and /V-phenyl-l-naphthylamine were purchased 
from Sigma and Aldrich, respectively. Pyrene was obtained from 
Janssen  and l ,6 -d iphenyl- l ,3 ,5-hexatr iene  was a gift from Prof. 
Y. K. Levine. 1 1 -B rom oundecanol was p repared  from 1 1 - 
b rom oundecanoic  acid (Aldrich) according to l i te ra tu re  proce­
dures .31’ D im ethylhexadecylam ine ,  d imethyleicosylamine, and 
d im ethyldocosylam ine were p repared  from hexadecyl bromide, 
eicosyl bromide, and  docosyl bromide, respectively, by reaction 
with d im e th y lam in e .37 D im e th y lh ex ad ec y l[ l l - [ [ ( 2 -propenyl)- 
carbonyl]oxy]undecyl]ammonium bromide (7) was p repared  ac­
cording to the  procedure  given by Regen e t  al.6d
D ihexadecyld im ethylam m onium  Bromide (5). Th is  com­
pound  was p repared  by refluxing hexadecyld im ethylam ine  and 
hexadecyl brom ide in to luene for 16 h. After removal of the  
solvent the  crude solid was washed thoroughly  with e ther  and  
recrystallized from acetone: yield 89% of a white solid^H N M R  
(CDCI3 ) <5 0.85 (t, 6  H, C H 3), 1.05-1.85 (m, 56 H, C H 9), 3.35-3.70 
(m, 1 0  H, C H 3 N, C H 2N).
D ioctadecy ld im ethy lam m onium  Bromide ( 6 ). Th is  com ­
pound was prepared from octadecyldimethylamine and octadecyl 
bromide as described for 5: yield 8 6 % of a white solid; *H N M R  
(CDCI3 ) <5 0.85 (t, 6  H, CH-,), 1.05-1.85 (m, 60 H, C H 2), 3.35-3.70 
(m, 10 H, C H 3N, C H 2N).
T h e  p-nitrophenyl esters of N-formylalanine, N-formylvaline, 
and (N-formylamino)caproic acid were prepared by reacting these 
compounds with p-nitrophenol and  dicyclohexylcarbodiimide in 
py r id ine .38
7V-Formylalanine 4-Nitrophenyl Ester: yield 81% of a white 
solid; !H N M R  (CDC13) <5 1 . 6  (d, 3 H, C H }), 4.95 (m, 1 H, CH), 
6.20 (b, 1 H, NH), 7.27 (d, 2 H, ArH), 8.30 (m, 3 H, ArH, CHO).
TV-Formylvaline 4-Nitrophenyl Ester: yield 70% of a white 
solid; ]H N M R  (CDC13) 6  1 .0 - 1 . 1  (d, 6  H, C H 3), 2.4 (m, 1 H, CH),
4.9 (m, 1 H CHN), 6 . 8  (b, d, 1 H, NH), 7.3 (d, 2 H, ArH), 8.3 (m,
3 H, ArH, CHO).
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2-( iV-Formylamino)caproic  Acid 4-Nitrophenyl  Ester:
yield 77% of a white solid; N M R  (CDC13) <5 0.9 (t, 3 H, C H 3),
1.0-2.2 (m, 1 0  H, C H 2), 4.9 (m, 1 H, CH), 6 . 6  (b, 1 H, NH), 7.3 
(d, 2 H, ArH), 8.3 (m, 3 H, ArH, CHO).
D i m e t h y l h e x a d e c y l ( l  1 - h y d r o x y u n d e c y l )  a m m o n iu m  
Bromide (10a). Dimethylhexadecylamine (5.57 g, 0.021 mol) and 
11-bromoundecanol (5.20 g, 0.021 mol) were dissolved in toluene 
(50 mL) and refluxed for 18 h. T h e  solvent was evaporated and 
the resulting solid washed with ether: yield 9.4 g (87%) of almost 
pure  product;  *H N M R  (CDC13) o 0.85 (t, 3 H, C H 3), 1.05-1.85 
(m, 46 H, C H 2), 3.35-3.70 (m, 1 2  H, C H 3 N, C H ,N , C H 20).  Anal. 
Calcd for C^H^BrNO-VoHoO: C, 65.75; H, 11.99; N, 2.64. Found: 
C, 65.89; H, 11.92; N, 2.69.
D im e t h y l  h e x a d e c y l  [ 11-[[[ l - (A r- f o r m y la m in o ) e t h y l ] -  
carbonyl]oxy]undecyl]ammonium Bromide (11a). Compound 
10a ( 8  g, 0.015 mol) and dry triethylamine (1.55 g, 0.015 mol) were 
dissolved in chloroform (50 mL) and added  dropwise a t  0 °C to 
a solution of /V-formyl-L-alanine p-nitrophenyl ester (7.32 g, 0.031 
mol) in chloroform (50 mL). T h e  m ixture  was s t irred  a t  room 
tem p era tu re  for 72 h. T h e  solvent was evapora ted  and  the re­
sulting solid purified by column chromatography (silica gel, eluent 
9:1 (v/v) chloroform-methanol): vield 5.5 g (60%) of oil; IR (neat) 
1740 (CO) 1675 (NHCO) cm “1; rH N M R  (CDC13) <5 0.85 (t, 3 H, 
C H 3), 1.15-1.85 (m, 49 H, C H 2 and  C H 3), 3.33-3.65 (m, 1 0  H, 
C H 3N and  CHoN), 4.13 (t, 2 H, C H ,0 ) ,  4.63 (m, 1 H, C H N ), 
6.67-6.87 (b, d, 1 H, N H), 8 . 2  (s, 1 H, CHO). Anal. Calcd for 
C3 3H 6 7BrNo0 3 'H.,0 : C, 62.14; H, 10.90; N, 4.39. Found: C, 62.46; 
H, 10.99; N, 3.82.
D im e th y l  h e x a d e c y l  [ 1l - [ [ (  1-isocy a n o e th y l  )carb on y l] -  
oxy]u n d ecy l]am m on iu m  Bromide (1). T o a solution of the 
preceding form am ide (0.8 g, 1.3 mmol) and  tr ie thy lam ine  (0.76 
g, 7.5 mmol) in methylene chloride (25 mL) was added dropwise 
at 0  °C phosphorus  oxychloride (0.59 g, 3.8 mmol) in methylene 
chloride (10 mL). T h e  mixture was stirred a t  room tem pera tu re  
for 20 h. Hereafter, it was added slowly, while stirring, to aqueous 
Na 2C 0 3 (40 mL, 7.5% solution). T he  organic layer was separated, 
dried (N a 2S 0 4), and  concen tra ted  under  vacuum. T h e  p roduct  
was purified by column chromatography (silica gel, eluent 9:1 (v/v) 
ch loroform -m ethanol) :  yield 0.5 g (64%) of a lm ost pure  iso­
cyanide; IR (neat) 2145 (NC), 1750 (CO) cm-1; lH N M R  (CDC13)
5 0.87 (t, 3 H, C H 3), 1.10-1.80 (m, 49 H, C H 2), 3.30-3.63 (m, 10 
H, C H 3N and  CHoN), 4.17 (t, 2 H, C H 20 ) ,  4.30 (m, 1 H, CH). 
Anal. Calcd for C 3 3H 65B rN 20 2-1/ 2H 20 :  C, 63.03; H, 10.90; N, 4.45. 
Found: C, 63.36; H, 1 1 .0 0 ; N, 4.24.
D im e th y lh e x a d e c y l [ l  l - [ [ [ l - (A r-formylamino)-2-methyl-  
propy l]carb on y l]oxy]u n d ecy l]am m on iu m  Bromide ( l ib ) .  
Procedures used were similar to those described above for the 
p repara tion  of 11a: vield 57% of a colorless oil; IR (neat) 1740
(CO), 1675 (NHCO) cm"1; N M R  (CDC13) <5 0 .8 - 1 . 1  (m, 9 H, C H 3),
1 .1-1.9 (m, 46 H, CH,), 2 . 2  (m, 1 H, CH), 3.3-3.7 (m, 10 H, C H 3N, 
C H ,N ),  4.2 (t, 2  H, CH.,0), 4.6 (m, 1 H, CH), 6.5 (br, 1 H, NH),
3.3 (s, 1 H, CHO).
D im e th y lh e x a d e c y l [  11-[[( l - i socyano-2-m ethy l  p r o p y l )- 
carbonyl]oxy]undecyl]am m onium  Bromide (2). Procedures 
used were similar to those described above for the p repara t ion  
of 1 : yield 58% of a colorless waxlike substance; IR (neat) 2145
iNC), 1745 (CO) cm ’1; *H N M R  (CDC13) 5 1.1 (m, 9 H, C H 3),
1.2-2.0 (m, 46 H, CH.,), 2.4 (m, 1 H, CH), 3.4-3.8 (m, 10 H, C H 3N, 
C H ,N ),  4.3 (m, 3 H, C H ,0 ,  CH); MS m / e  534 (M + -  C H 3Br). 
Anal. Calcd for C ^ H ^ B r N o O ^ l ^ H o O :  C, 64.47; H, 10.97; N, 
4.30; 0 ,  7.98. Found: C, 64~.07; H, 11.41; N, 4.27; 0 ,  7.97.
Dimethyleicosyl(l  l-hydroxyundecyl)ammonium Bromide
( 1 0 b). P rocedures  used were similar to those described above 
or the p repara tion  of 10a: vield 52% of a white solid; !H N M R  
<CDC13) <5 0.9 (t, 3 H, C H 3), 1 .0 - 1 . 6  (m, 54 H, C H 2), 3.1-3.4 (m,
12 H, C H 2 N, C H 3 N, C H 20 ) .
D i m e t h y l e i c o s y  1[ 1 1-[[[  \ - ( N - f o  rm y l  a m in o  ) h e p t y l ] -  
earbonyl]oxy]undecyl]ammonium Bromide (11c). Procedures 
used were similar to those described above for the p repara t ion  
>f 1 la: yield 72% of a colorless waxlike substance; IR (neat) 1740
ICO), 1675 (CO) cm-1; ‘H N M R (CDC13) 5 0.9 (t, 6  H, C H 3), 1 .0-2.0 
<m, 62 H, C H 2), 3.3-3.7 (m, 10 H, C H 3 N, C H ,N ) ,  4.2 (t, 2  H, 
CHoO), 4.7 (m, 1 H, CH), 6.5 (d, br, 1 H, NH), 8 . 1  (s, 1 H, CHO).
D im eth y le ico sy l [ l  l - [ [ ( l - i socyan oh ep ty l)carb ony l]oxy]-  
undecyl]ammonium Bromide (3). Procedures used were similar 
to those described above for the  p repara t ion  of 1: yield 61.9%
of a colorless oil; IR (neat) 2143 (NC), 1750 (CO) cm l; LH N M R  
(CDC13) <5 0.9 (t, 6  H, C H 3), 1 .0 - 2 . 0  (m, 64 H, C H 2), 3.0-3.6 (m, 
1 0  H, C H 3N, CHoN), 4.2 (m, 3 H, CH, C H 20);  MS m / e  631 (M + 
-  C H 3 Br). Anal. Calcd for C 4 2H 8 3B rN 2Oo-3 / 4 HoO: C, 68.06; H,
11.41; N, 3.78; 0 ,  5.94. Found: C, 68.12; H, 11.69;”N, 3.56; 0 ,  5.82.
Dimethyldocosyl(l  l-hydroxyundecyl)ammonium Bromide 
(10c). Procedures  used were similar to those described for the 
preparation of 10a: yield 72% of a white solid; !H N M R  (CDC13) 
a 0.9 (t, 3 H, C H 3), 1 .0—1.6 (m, 58 H, C H 2), 3.0-3.6 (m, 12 H, C H 3N, 
C H 2 N, C H 20) .
D i m e t h y l d o c o s y l [ l l - [ [ [ l - ( A T - f o r m y l a m i n o ) h e p t y l ] -
carbonyl]oxy]undecyl]ammonium Bromide ( l id ) .  Procedures 
used were similar to those described above for the p repara t ion  
of 1 la: vield 61% of a colorless waxlike substance; IR (neat) 1740 
(CO), 1675 (CO) cm-1; lH  N M R (CDC13) i  0.9 (t, 6  H, C H 3), 1 .0 - 2 . 0  
(m, 6 6  H, C H 2), 3.4-3.7 (m, 10 H, C H ,N , CHoN), 4.1-4.3 (t, 2 H, 
C H 20),  4.5-4 .8  (m, 1 H, CH), 6.5 (br, 1 H, NH), 8.3 (s, 1 H, CHO).
Dimethyldocosyl[  1 l - [ [ ( l - isocyanohepty l)carbonyl]oxy]-  
undecyl]ammonium Bromide (4). Procedures used were similar 
to those described above for the p repara t ion  of 1: yield 45.3% 
of a white solid; IR (neat) 2143 (NC), 1750 (CO) cm -1; *H N M R  
(CDC13) a 0.9 (t, 6  H, C H 3), 1 .0 - 2 . 0  (m, 6 8  H, CHo), 3.4-3.8 (m,
10 H, C H 3 N, CHoN), 4.1-4.3 (m, 3 H, CH, C H 20) ;  MS m / e  634 
(M + -  C H 3 Br). Anal. Calcd for C 4 4H 8 7B rN 20 2 -H20 :  C, 68.37;
H, 11.60; N, 3.62; 0 ,  6 .2 1 . Found: C, 68.03; H, 11.91; N, 3.39; 
0 .  6.47.
Preparation  of  Vesicles .  Vesicles were prepared  by the 
following procedures. Initial surfactant concentrations amounted 
to 5 X  10-2 M. Amphiphiles  1-4 were dispersed in water by 
vortexing for 1 min. T he  slightly opalescent dispersions were used 
as such. Amphiphile 7 was dispersed first by vortexing for 1 min 
and subsequently by sonicating in a bath-tvpe sonicator (Sonicor 
SC-52) for 30 min a t  60 °C. D H D A B (5) and DODAB (6) were 
dispersed by sonicating for 6  min a t  75 °C using a microtip of 
a Branson Sonifer B-12 set a t  40 W. Subsequently ,  the vesicles 
were centrifuged at 5000 rpm for 15 min to remove t i tan ium  
particles from the tip. Egg yolk lecithin (8 ) and D P P C  (9) were 
ob ta ined  from Prof. J. de Gier as stock solutions (0.1 M) in 
ch lo ro fo rm -m ethano l  (4:1 (v/v)). T h e  solvent was evaporated 
under vacuum for about 1.5 h. Hereafter, water and a glass bead 
were added and the residue was swirled gently at 37 °C. The milky 
liposome dispersions thus obtained were sonicated in a bath-type 
sonicator a t  37 °C for 30 min.
Vesic le  Polym erization .  A solution of nickel capronate  in 
m ethanol (0.01 mL, 0.09 M) was brought into a tes t  tube. T he  
methanol was removed under  a s tream  of nitrogen and a vesicle 
dispersion of 1-4 in water (0.5 mL, 5 X  10-2 M) was added. T he  
m ixture  was vortexed for 1 min a t  25 °C and kept a t  this te m ­
perature for 12 h. Polymerization of dispersions of 7 was carried 
out by direct UV irradiation (254 nm, Philips H P L N  125W E73-2 
w ithou t  bulb) for 3 h.
Osmotic  Experiments .  A stock solution was p repared  by 
vortexing 1-4 (0.06 mmol) in 0 . 6  mL of water containing 0.1 M 
sucrose. Small a liquots (0.005 mL) of this stock solution were 
added  to 0.25 mL of solutions containing 0.01-0.04 M sucrose. 
T h ree  m inutes  after mixing, the  tu rb id i ty  was measured a t  450 
nm. A stock solution of polymerized vesicles was p repared  as 
follows. C om pounds 1-4 were dispersed in 0 . 1  M sucrose as 
described above. Subsequently ,  2.1 X  10' 3 mmol of nickel ca­
p rona te  was added  and the  m ixture  was kep t a t  30 °C for 1 2  h. 
With this stock solution, the same experim ents  were performed 
as described above.
Sample Preparation Fluorescence Experiments. ANS and 
N PN . For the  experiments,  freshly prepared  stock solutions of 
ANS and N P N  (10-2 M) in methanol were used, which were kept 
in the dark. To a unpolymerized or polymerized vesicle dispersion 
(0.1 mL, 5 x  10" 2 M) the  probe solution (0 . 0 0 2  mL) was added  
and the  mixture  was vortexed a t  2 0  °C for 30 s. T h e  presence 
of the  m ethanol did not influence the  m easurem ents ,  as was 
checked separately. T h e  vesicle dispersions thus  obtained were 
allowed to s tand  for 0.5 h in order to get full pene tra t ion  of the 
probe molecules into the  vesicle bilayers. For the  fluorescence 
measurements samples of the vesicle dispersions (0.02 mL), were 
diluted with water or D20  (1.0 mL) by vortexing for 30 s. Final 
amphiphile  and probe concentrations am ounted  to 10" 3 and 4 X  
10- 6  M, respectively.
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Pyrene .  In all exper im ents  with th is  probe, oxygen was 
carefully excluded. Freshly distilled water was lx)iled for 1 h under 
a nitrogen atm osphere  ju s t  before use. Stock solutions of pyrene 
(0.02 mL, (0.2-1) X  10"2 M) were prepared in degassed methanol 
and brought into test tubes where the m ethanol was evaporated 
under a stream of nitrogen. To  each tube a vesicle dispersion (0.2 
mL, 5 X  10~ 2 M) and w ater  (1.8 mL) were added. T h e  samples 
were vortexed, degassed for 15 min, and shaken for 30 min with 
a Griffin flask shaker  in order  to get full solubilization of the 
pyrene. Final am phiphile  and pyrene concentra tions am ounted  
to 5 X  10-3 and  (0.2-1) X  10~ 4 M, respectively.
D PH . A sam ple  (0.025 mL) of a stock solution of D P H  in 
e thanol (5 X  10" 2 M) was b rought into a test tube. T h e  ethanol 
was removed under  a s tream  of nitrogen, and an unpolymerized 
or polymerized vesicle dispersion (0.05 mL) and 1.95 mL of water 
were added. T he  mixtures were vortexed for 30 s and shaken for
15 min with a Griffin flask shaker. The final amphiphile and probe 
concen tra t ions  am oun ted  to 1.3 X  10- 3  and  6.3 X  10-6  M, re ­
spectively.
Fluorescence Measurements.  Excitation of ANS and N P N  
occurred a t  375 and 343 nm, respectively. T he  fluorescence spectra 
were recorded with slit widths of 8  nm. The  excitation wavelength 
of pyrene was 342 nm. T h e  slit w idth in the  excitation and  
emission beam were 2  and  4 nm, respectively. Fluorescence 
depolarization measurements were carried out as described in ref 
34. A Schott  BG24 broad-band filter was placed in the excitation 
beam. For the measurements with D PH  two cut-off filters (Schott 
GG 395 and  420) and a 432-nm interference filter were placed 
in the emission beam. For the measurements  with ANS a Schott  
GG 395 cut-off and a 375-nm interference filter were used. Linear 
polarization of the  exciting light was ob ta ined  with a Glan- 
Thom pson prism. T he  fluorescence anisotropy (r) was calculated 
by using the  e q u a t io n 8
r = [7Vv -  (^hv/ ^hh)^vh 1 / 1^ w  +  2 ( /Hv /^ h h ^ v h !
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Polymerization of Liposomes Composed of Diene-Containing 
Lipids by UV and Radical Initiators: Evidence for the Different 
Chemical Environment of Diene Groups on 1- and 2-Acyl Chains
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A B ST R A C T : l ,2 -d ioctadecadienoyl-3-phosphatidylcholine  (DODPC), a polymerizable lipid th a t  contains 
one diene group per acyl chain, was polymerized as liposomes. Polymerization was done by UV irradiation 
or by the addition of a radical initiator. Water-insoluble azobis(isobutyronitrile) (AIBN) a n d /o r  water-soluble 
azobis(2-am idinopropane) d ihvdrochloride (AAPD) were examined. T he  UV irradiation for 3 h provided a 
complete  polymerization of D O D PC  liposomes. C on tra ry  to this, polymerization by the  addit ion  of radical 
in it ia tor (AIBN or AAPD) gave 50-60%  polymerization conversion a t  60 °C. Complete  polymerization was 
performed by the  use of AIBN and AAPD simultaneously. T he  polymerization conversion was also improved 
by the addition of AAPD to liposomes tha t  were preliminarily polymerized by AIBN. The  DODPC liposomes 
polymerized by both  AIBN and AAPD provided the  most s table  polymerized liposomes. T h e  liposomes 
polymerized by both  AIBN and  AAPD showed the least carboxyfluorescein leakage from the inner aqueous 
phase. T he  obtained results strongly suggested th a t  the diene groups in 2 -acyl chains should face the aqueous 
phase, and therefore polymerization was initiated by a water-soluble radical initiator (AAPD) but not by AIBN.
Introduction
Phospholipid bilayer liposomes are gathering keen in- 
erest as microcapsules for carriers of drugs or functional 
particles as well as models for biomembranes.1,2 These 
liposomes are generally not very stable and cause aggre­
gation and fusion. To stabilize these assembled structures 
polymerizable lipids were synthesized as a major compo­
nent in constructing the membrane. The physicochemical 
properties of the polymerized liposomes have been col­
lected vigorously in this decade.1-12 Several unique lipo­
somes were also prepared by polymerization, such as 
corked liposomes,13 ghost liposomes,14 skeletonized lipo­
somes,15 etc. Most of the polymerizations have been 
performed by UV irradiation because of its convenience. 
Although polymerization is one of the most potent tech­
niques in principle, the actual polymerized systems thus 
prepared have several problems such as distortion of the 
assembled structure and formation of clefts or cracks in 
the membranes tha t were induced by polymerization.16,17 
in this paper, diene-type monomeric lipids were polym­
erized as liposomes by UV irradiation or by radical initi­
ators to compare the characteristics of the obtained 
polymeric liposomes.
Experimental Section
M a te r ia l s .  l,2-di(2,4-octadecadienoyl)-3-phosphatidylcholine 
(DODPC) was purchased form Nippon Oil & Fats  Co. Ltd. This 
was characterized  by th in-layer  ch rom atography  (Merck, silica 
gel plates) with c h lo ro fo rm /m e th a n o l /w a te r  (6 5 /3 5 /5 ,  by vol)
as solvent before use .1' D O D PC  showed a single spo t with an 
Rf value of 0.3, similar to th a t  of l ,2-distearoyl-3-phosphatidyl- 
choline (special grade, Sigma).
O
CH3(CH2)12-----C H = C H — C H =C H C O C H 2
CH3(CH2)12— C H = C H — CH=CHCO CH Q
0  CH2OPOCH2CH2N+(CH3)3
O"
DODPC
Azobis(isobutyronitrile) (AIBN) and azobis(2-amidinopropane) 
dihydrochloride (AAPD) were purchased from Tokyo Kasei Co. 
Ltd. AIBN and  AAPD were purified twice by recrystallization 
from m ethanol and water, respectively.
T r i ton  X-100, polyethylene glycol mono-p-octylphenyl e ther  
(H O (C H 2C H 2O ) 10C 6 H.,C8 H 17), was purchased from Tokyo Kasei 
Co. Ltd. and was used without further purification. Fluorescent 
grade 5 (6 )-carboxyfluorescein (CF) was purchased from Kodak
Co. Ltd.
M e th o d s .  A total of 0.200 g of lipids was dissolved in d eh y ­
drated chloroform and was slowly evaporated in a rotated sample 
tube to prepare a thin lipid film on the inner surface of the tube. 
A degassed phosphate  buffer solution (pH 7.0, 20 mL) was then 
added  to the  tube. T h e  liposome suspension ( 1 . 0  wt %) was 
p repared  by sonication (Tomy Seiko UR-200P) a t  60 W for 10 
min under  a nitrogen a tm osphere .1. T h e  freshly prepared  lipo­
some suspensions were incubated a t  4 °C overnight to minimize
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